2013). Next generation planar waveguide detection of microcystins in freshwater and cyanobacterial extracts, utilising a novel lysis method for portable sample preparation and analysis. Analytica Chimica Acta, 769, 108-113.
M a n u s c r i p t 2 18 Highlights 19
Sensitive assay for the detection of the most common and toxic microcystin variants 20 Detection of free and cell bound microcystin for a true reflection of toxin content 21
Novel, highly effective lysis method enabling fast and portable disruption of cells 22
Validated to measure microcystins below 1 and 0.1 ng ml -1 ; free and intracellular 23
Next generation planar waveguide biosensor combining quantification and ease of use 24 25 26 Abstract 27 The study details the development of a fully validated, rapid and portable sensor based 28 method for the on-site analysis of microcystins in freshwater samples. The process 29 employs a novel lysis method for the mechanical lysis of cyanobacterial cells, with 30 glass beads and a handheld frother in only 10 min. The assay utilises an innovative 31 planar waveguide device that, via an evanescent wave excites fluorescent probes, for 32 amplification of signal in a competitive immunoassay, using an anti-microcystin 33 monoclonal with cross-reactivity against the most common, and toxic variants. 34
Validation of the assay showed the Limit of Detection (LOD) to be 0.78 ng ml -1 
and the 35
CCβ to be 1 ng ml -1 . Robustness of the assay was demonstrated by intra-and inter-36 assay testing. Intra-assay analysis had % C.V.s between 8 and 26% and recoveries 37 between 73 and 101%, with inter-assay analysis demonstrating % C.V.s between 5 and 38 14% and recoveries between 78 and 91%. Comparison with LC-MS/MS showed a high 39 correlation (R 2 = 0.9954) between the calculated concentrations of 5 different 40
Microcystis aeruginosa cultures for total microcystin content. Total microcystin 41 content was ascertained by the individual measurement of free and cell-bound 42 microcystins. Free microcystins can be measured to 1 ng ml -1 , and with a 10-fold 43 concentration step in the intracellular microcystin protocol (which brings the sample 44 within the range of the calibration curve), intracellular pools may be determined to 0.1 M a n u s c r i p t 4 and Arginine at position 4 [4, 3] . They are hepatotoxic, due to their uptake via the bile 70 acid transport system delivering them into hepatocytes, where they inhibit 71 Serine/Threonine Proteases via Adda, causing over phosphorylation of proteins. Acute 72 toxicosis results in the disruption of the cytoskeleton, loss of cell structure and 73 adhesion, loss of tissue structure and the collapse of sinusoidal capillaries resulting in 74 hepatic haemorrhaging and ultimately death [5] [6] [7] [8] Kim et al (2003) [23], employed a custom made portable-laser fluorescence M a n u s c r i p t 5 scanner, eliminating the subjective nature of results interpretation. For this they used 95 Alexa Fluor 647®, a Cy5 labelled fluorescent probe, as the secondary, detection, 96 antibody, in a competitive assay, whereby a MC-LR conjugate was coated to the 97 surface and an anti-MC-LR monoclonal was used as the primary antibody. This assay 98 format works well for most biosensors, including planar waveguide, a technology, that 99 has been around for decades. Two portable assays, have been developed recently by antibody (also produced in-house).
These cartridges eliminate the need for 118 cumbersome and expensive microfluidics often associated with advanced portable M a n u s c r i p t 6 sensors, thus there is no need for pumps, valves, tubing or buffer/waste reservoirs. In 120 the SnapEsi® LS assay there are no concerns about tubing becoming blocked; either by 121 lines drying out due to warm temperatures, air bubbles, or sample particulate blockages. 122
The cartridge can simply be used, read and disposed of. Thus a simple to use, low cost 123 and accurate means of detecting microcystins will be presented. 124
125
Further to this, we present a highly novel sample preparation method for the portable 126 lysis of cyanobacterial, Microcystis aeruginosa, cells, for the quantification of intra-127 cellular microcystin levels. Microcystins are inherently endotoxins, therefore, the 128 measurement of freshwater only, fails to detect the majority of toxin present, as has 129 been highlighted by Codd et al (2005) [2] who state that guideline values "should 130 therefore apply to the sum of the intracellular and extracellular microcystin pools"; yet 131 the focus has remained on water testing only. This may be in part due to the difficulties 132 encountered in dealing with cyanobacterial samples in current analytical methods. 133
Cheap, quick and portable lysis usually relies on chemical disruption of cells, using 134 harsh reagents which may interfere with downstream assays, causing matrix 135 interference and thus skewing results. The best cellular disruption occurs via 136 mechanical lysis of the cells, such as that of glass bead beating, which has been 137 demonstrated to achieve full lysis of algal cells, in a quick time of only 10 min [27] . 138
This laboratory based method required a paint shaker to mix the sample/glass bead 139 combination and a centrifuge to separate cells from freshwater samples. To overcome 140 this, centrifugation steps were switched to filtration and the paint shaker was substituted 141 for a, low cost, hand-held, battery operated frother. Other non mechanical methods 142 require filtration of the sample (glass fibre filters, GF/C) followed by slow toxin 143 extraction using solvents which are not compatible with immunoassays. Presented here is an assay, proven to be capable of detecting microcystins in both free 146 and intracellular states, to a level of 1 ng ml -1 for free and 0.1 ng ml - by SPR. For one sample, the paint shaker and 0.5 mm beads were employed and for 293 the other the frother and 0.1 mm beads were used. The ratio of 1 g per 2 ml of sample 294 was maintained, thus 2.5 g of 0.1 mm glass beads were added to the 5 ml sample. The 295 same mixing time was used for both, 10 min. The final samples were then tested by 296 SPR to determine the toxin concentrations present. The concentration as determined by 297 the paint shaker method was 9.0 ng ml -1 , while that of the frother method was 9.25 ng 298 ml -1 , resulting in a 103 % recovery of microcystin.. This confirmed that the lysis 299 procedure was as effective as that of the paint shaker. 300 301
3.2.Assay Format

302
The format of the assay was competitive inhibition, whereby the more microcystins that 303 were present in a sample/calibrant, the less anti-microcystin, 5C4, monoclonal there 304 was available to bind to the surface bound TPC. Thus the more microcystins present in 305 a given sample, the lower the signal would be. This is shown in Fig 2, showing the 306 fluorescence recorded for the four identical microcystin spots, on cartridges with 307 calibrants added. 308 309 310 M a n u s c r i p t 14
3.3.Assay Validation
311
The limit of detection (LOD) was determined by taking the mean response for 20 312 negative (toxin free) samples and subtracting 3x standard deviations (S.D.) as is 313 standard for inhibition assays [33] . The response was then converted to concentration 314 via the calibration curve and derived as 0.78 ng ml -1 (see Table 1 ). This level was used 315 as a guide to estimate the detection capability (CCβ), which was 1 ng ml -1 , equivalent 316 of the 1 µg l -1 WHO recommended level. Taking into consideration the 10-fold 317 concentration step in the sample preparation method for intra-cellular measurement, 318 this brings samples containing 0.1 ng ml -1 into the measureable range of the calibration 319 curve. No sample preparation method, other than filtration (0.45 µm) was included for 320 free microcystin measurement, as this would only serve to reduce the speed of analysis. 321
As can be seen from Fig 3, there was no overlap between the 20 x 1 ng ml -1 spiked 322 samples and the 20 negative samples from the LOD calculation (to 1x S.D.). 323
Populations were also shown to be significantly different with a p value < 0.0001; 2-324 tailed, unpaired t-test. The assay had a dynamic range (IC 10 to IC 90 ) of 0.22 to 5.12 ng 325 ml -1 . 326 327 Repeatability and reproducibility (intra-and inter-run robustness) were demonstrated 328 by spiking at 3 different toxin levels, with 4 replicates per spiking level, across 2 329 batches of cartridges and repeating this over 3 days. The data was then analysed per 330 day to determine repeatability of the assay and then across the 3 days to determine the 331 reproducibility of the assay. The 3 spiking levels chosen were CCβ, the midpoint (IC 50 ) 332 and the level at which 75% inhibition of signal was achieved (IC 75 ), which were 1, 1.27 333 and 2.78 ng ml -1 respectively. Inter-run analysis showed that spiking level recoveries 334 all lay between 78 and 91% with % C.V.s lower than 15% (see Table 2 ). For intra-run M a n u s c r i p t 15 analysis, recoveries were between 73 and 96 % with % C.V.s below 22% (see Table 2 ). 336
This demonstrated a high degree of repeatability for what is a semi-quantitative assay, 337
and providing values that could be expected with a fully quantitative, laboratory based 338 assay, 339 340 Final validation of the assay was performed by testing samples by the SnapEsi method 341 and comparing them to values determined by LC-MS/MS analysis. Table 3 shows the 342 calculated concentrations of the 5 M aeruginosa strains tested. The two microcystin 343 pools were combined to give a total microcystin content of each sample. These were 344 then compared to the concentrations derived by LC-MS/MS analysis and as can be seen 345 from the data in Table 4 LF. The assay can detect free microcystins to 1 ng ml -1 and intracellular microcystins 364 to 0.1 ng ml -1 . The difference being due to a 10x concentration step that was included 365 in the intracellular sample preparation method; no sample preparation method was 366 required in the measurement of the free microcystin fraction. In addition to this, a 367 single, cheap, cartridge is used per sample that is simply discarded after reading, to give 368 an assay that is not only rapid and portable, but has quantitative capabilities that many 369 semi-quantitative laboratory based methods fail to reach. Tables:  456   Table 1 . Determination of LOD as 0.78 ng ml -1 457 Table 2 . Measured concentrations of spiked samples, along with S.D., % C.V.s and 458 mean recoveries, for repeatability and reproducibility analysis of assay. 459 M a n u s c r i p t 
